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a b s t r a c t

Leather processing involves many unit operations that modify the physical, chemical and biological prop-
erties of the raw skin/hide of an animal. One such major variation is brought to pore structure and size,
which determines the breathing property of skin. Understanding this property is essential to improve the
end use of the leather matrix. Thermoporometric technique has been used in this study to bring out the
influence of various process steps on the pore size distribution of skin. Marked changes in the depression
eywords:
ore structure
hermoporometry
ifferential scanning calorimetry (DSC)
kin

of freezing point are observed for each process. Scanning electron microscopy study reveals the morpho-
logical changes in the grain and cross-section of the skin during leather processing. Understanding and
predictions of pore structure changes at various stages of leather processing would benefit: (a) in process
control, (b) analysis of cost benefit ratio and (c) strategic planning and transport. Thus, this study aids in
better understanding of the pore structure of skin to improve the functional properties of the leather.
eather
canning electron microscopy (SEM)

. Introduction

Properties such as shape, volume, and size distribution influ-
nce functional behavior of porous media. Hence, understanding
he effect of various process parameters on the pore structure of
material will help in enhancing its functional properties. Leather

s a three-dimensional matrix with its excellent pore connectivity.
eather is a unique material with ability to breathe and readjusts
tself to volume fluctuations of foot. This present study aims at
nderstanding the influence of process steps involved in leather
aking on the pore structure of skin. Thermoporometry is a tech-

ique that allows the study of pore structures of materials in the
iquid state. This method of determining the pore size distribu-
ion in materials suggested by Kuhn et al. [1] and later derived
y Brun et al. [2], uses a thermodynamical relationship based on
ibbs–Thomson equation. The phase transitions at triple point

crystallization or melting) for a liquid confined within a pore are
nown to be shifted to lower temperatures depending on the dis-
ribution of pore size. This difference in transition temperature, �T,

etween confined and bulk solvent can be detected calorimetrically
y differential scanning calorimetry (DSC).

From the DSC experiments, water absorbed in hydrophilic mate-
ials is categorized as non-freezing bound-, freezing bound-, and
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unbound water [3–5]. Water adjacent to a surface and forming a
part of three layers may not freeze at the temperatures or local
bulk water could freeze. This is because the motion of water struc-
tures could be limited in confined media due to interaction with
surfaces [6]. Freezing bound water has thermodynamically differ-
ent behavior compared to unbound water. The quantity of freezing
bound water could be determined by the integration of either an
exotherm (crystallization of water) or an endotherm (melting of
water) [4,7–9]. However, freezing bound water is generally char-
acterized by the integration of the endotherm [10,11]. Melting
temperature of water held in capillaries of porous materials is
known to be lowered on depression. Since the depression of melting
temperature bears a reciprocal relationship with the pore diame-
ter, distribution of pore size in materials can be estimated using
thermoporometric principles.

Several techniques like mercury intrusion porosimetry, nitro-
gen adsorption, scanning electron microscopy, and atomic force
microscopy have been successfully employed for the analysis of
pores of various materials [12,13]. These techniques are suitable
only for dry samples. Thermoporometry has been used in this study
to analyze the changes in the pore size distribution of skin at each
step of leather processing as it enables the measurement of pore
structure in wet condition. Leather processing involves many unit

operations [14]. The skin matrix goes through changes in the pH as
well as the pore structure during these processes. Changes brought
about in the pore structure of skin matrix when subjected to heat
viz. on shrinkage and the effect of tanning agents on this phe-
nomenon have been studied [15–17]. In this study, the variation

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:clrichem@mailcity.com
dx.doi.org/10.1016/j.tca.2010.01.016
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n the pore size distribution of skin during various stages of leather
rocessing has been addressed. This study will throw light on how
he microscopic changes in pore structure affect the dimensional
hanges and properties of the material.

. Materials and methods

.1. Materials and preparation of sample

Goat skin was taken as the raw material. Soaking, liming, delim-
ng, pickling and chrome tanning were carried out as per standard
rocedures [18].

.2. Differential scanning calorimetry (DSC) measurements

The samples at various stages of leather processing (3–5 mg by
eight) were blotted uniformly to remove excess adhering water

nd hermetically encapsulated in aluminium pans. The samples
ere fused in a differential scanning calorimetric cell of a DSC Q

00 TA instruments differential scanning calorimeter. The temper-
ture was calibrated effectively using indium as standard. Prior to
easurement, the vessel was cooled to −40 ◦C and held at that tem-

erature for 30 min. The heating rate was maintained as 1 ◦C/min.
ll measurements were carried out between −40 and 10 ◦C. At the
nd of each measurement, the vessel was dried under vacuum for
4 h to attain the mass of dry fibers. The moisture content was
aintained at about 65–68% for all samples. All measurements
ere carried out in triplicates and average values are reported.

ore size distribution was determined by measuring the amount
f water that has its melting temperature depressed at each step.
he enthalpies (S1, S2, S3 . . ., Si J/g) obtained from the DSC is noted
o the corresponding temperatures (T1, T2, T3, . . ., Ti

◦C) with step
ize 0.1 K and the pore radius is calculated as per Eq. (1).

p = −
(

32.33
T − T0

)
+ 0.68 (1)

here T and T0 are the melting temperatures of sample and solvent,
espectively. From the obtained radii, the average temperature
nterval T ′

i
is calculated for corresponding pore radius Rp as per

q. (2).

′
i = Ti + Ti+1

2
(2)

The volumic latent heat Wv (J/cm3) is derived by the ratio of
pecific latent heat of fusion Ws (J/g) to specific volume of solvent
(cm3/g) as per Eq. (3).

v = Ws

V
(3)

here Ws = −(0.0556(T ′
i
− T0)2 − 11.39(T ′

i
− T0) − 332) and V =

.000132(1 − 0.000091T ′
i
+ (1.035 × 10−5)T ′2

i ).

The pore volume �V (cm3/g) is further derived from the

nthalpy and volumic latent heat as per Eq. (4).

V = Si

Wv × M × 1000
(4)

able 1
hermodynamic parameters from DSC thermograms of skin at various stages of leather p

Sample Onset (◦C)

Soaked −1.21 ± 0.02
Limed −1.24 ±0.01
Delimed −1.21 ± 0.01
Pickled −22.38 ± 0.02, −10.46 ± 0.02
Chrome tanned −2.08 ± 0.01
Fig. 1. Heat flow versus temperature thermograms of (a) soak; (b) limed; (c)
delimed; (d) pickled; (e) chrome tanned at scan rate 1 ◦C/min.

where M = mass of dry sample in grams. The pore volume and the
corresponding average temperature interval are substituted in Eq.
(5) to obtain pore volume distribution (cm3/g nm) and graph is plot-
ted for pore volume distribution versus pore radius to compare the
changes in pore structure in course of leather processing.

dV

dRp
= �V

Ti − Ti+1
(5)

2.3. Scanning electron microscopy (SEM) measurements

Samples were cut at various stages of leather processing. Sam-
ples were prepared for the SEM analysis by gradual dehydration
with acetone such that the pores were not altered [19]. SEM micro-
graphs were taken using Hitachi scanning electron microscope at
15 kV at various magnifications. Ion sputter coater with gold target
was used for coating the samples.

3. Results and discussion

Structure and connectivity of pores in skin influence the heat
and mass transport processes associated with the thermoregula-
tory function of the organ. Leather derives its unique property of
breathability through this porous network. The conversion of skin
into leather subjects the matrix to various physical and chemi-
cal operations. The effect of these process conditions on the pore
structure of leather has been studied using thermoporometry. The
differential scanning calorimetric investigations have been made

on skin after every stage of leather processing, viz., soaking, liming,
deliming, pickling and tanning (Fig. 1a–e). The melting peak of the
thermogram occurred at −0.57 ◦C for the soaked skin whereas lim-
ing and other operations led to significant depression of melting
temperature as presented in Table 1. The enthalpy of phase transi-

rocessing.

Peak (◦C) Enthalpy (J/g)

−0.57 ± 0.01 163.1 ± 0.5
−0.64 ± 0.02 177.6 ± 0.7
−0.75 ± 0.02 147.8 ± 0.4
−22.07 ± 0.02, −6.21 ± 0.01 13.50 ± 0.2, 84.81 ± 0.3
−1.05 ± 0.01 184.2 ± 0.7
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ion of water in the skin is also presented in Table 1. The capillary

tructure of collagen fibers seems to be influenced by the nature
f the interaction with the various chemicals used in each pro-
ess. This is inferred from both depression of melting and enthalpy
hanges associated with water constrained in the skin.

Fig. 2. Pore size distribution of samples at various stages of leather processing
ca Acta 501 (2010) 98–102

The thermoporometric investigations on skin reveal dramatic

variations in pore size distributions in each stage of leather process-
ing as seen from the data presented in Fig. 2. Soaking is an operation
where the skin is washed with water to remove the adhering dirt
and it is in the native condition. In soaked skin, pore size distri-

(pore volume distribution dV/dRp, cm3/g nm versus pore radius Rp, nm).
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ution varied in the range of 5–55 nm. Liming operation involves
ddition of chemicals like lime and sulfide to open up the fiber
tructure for easy removal of hair and flesh from the skin. This leads
o a swollen matrix. This change in the structure can be seen from
ig. 2, which shows that liming shifts the pore size distribution to
arger sizes in the 30–40 nm range. Deliming operation involves
he removal of lime added during the previous operation. It is evi-
ent from the figure, that restoration of the matrix structure to the
riginal condition, viz., de-swelled condition is achieved. Pickling
peration involves the addition of acid and salt to the matrix to
repare it for the tanning operation. There are two transitions seen
or the pickled skin (Fig. 1d) one for the freezing of pore water at
6.1 ◦C and salt-water eutectic temperature at −21.9 ◦C [20] unlike
ther process samples and this is due to the use of salt during pick-
ing operation. It can be seen from Fig. 2 that this leads to drastic

hanges in the pore structure of skin, the pore size is limited to
–6 nm as against the 30–40 nm pore size distribution for other
amples.

In order to visualize the effect of various leather processing
teps on the pore structure of skin, scanning electron microscopy

Fig. 3. Scanning electron micrograph showing the grain surface (200×) of (a) soa
ca Acta 501 (2010) 98–102 101

studies were carried out. Scanning electron micrographs showing
the grain and cross-section of samples taken at various stages of
leather processing are given in Figs. 3 and 4, respectively. It is seen
from Fig. 3, that the grain surface reflects clearly the effect of each
process step. Fig. 3a shows the grain surface of the soaked sam-
ple where the presence of hair is seen. Fig. 3b, which is the grain
surface of the limed sample shows the pores without any hair as
liming operation results in complete removal of hair from the roots.
Grain surface of deliming and bating samples Fig. 3c,d show that
there is not much influence of these operations on the grain sur-
face of the skin. The SEM micrograph of pickled sample (Fig. 3e)
shows clearly the deposition of salt on the grain surface as it is
used during this process to prevent swelling due to use of acid.
The chrome tanned sample shows clear surface where there are
no depositions of any chemicals. Fig. 4a gives the cross-section of

soaked sample and it can be seen that the fibers are compacted and
dense. The cross-section of the limed sample (Fig. 4b) shows that
the fibers are split as liming results in fiber opening. The subse-
quent operation, deliming results in de-swelling hence the fibers
are brought back to the native state. The cross-section of bated sam-

k; (b) limed; (c) delimed; (d) bated; (e) pickled; (f) chrome tanned leather.
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Fig. 4. Scanning electron micrograph showing the cross-section (120×) of (

le (Fig. 4e) shows fibers which are well dispersed as enzymes used
uring this operation result in removal of other fibrous proteins

ike elastin and reticulin. As chrome tanning is a non-filling type of
anning process, the fiber structure (Fig. 4f) does not show much
ompaction.

. Conclusions

The present study demonstrates the various changes, which the
kin undergoes during leather making. The porosity of skin is an
mportant parameter, which enables the leather to breathe. Hence,

onitoring the changes happening to the skin during leather pro-
essing would help in maximizing this property in the final leather
y making appropriate changes in the process.
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